Recent research has shown that using mobile robots as mobile nodes to gather and carry data in WSNs can effectively reduce the data relay hop count and improve the lifetime of the WSNs. But because of the low speed feature of the mobile robot, a greater time delay has been produced in the process of gathering data in WSNs with mobile robot. In order to make a balance between the lifetime of WSNs and the time delay of mobile robot data gathering, this paper proposes a Bounded Relay Hop in the Cluster based Multi-robot Data Gathering (BRHC-MRDG) problem, and formulates the BRHC-MRDG as an integer linear programming. In order to solve the BRHC-MRDG problem, the Distributed Doublelayer Clustering Data Gathering Algorithm (DDC-DGA) is proposed. In different parameter values, the comparison experiments are designed to verify the effectiveness of the DDC-DGA.
Introduction
Wireless Sensor Networks (WSNs) have been proposed as a new information-gathering paradigm for myriad applications, ranging from environmental surveillance to industrial control. Besides the periodic sensing to extract data of interests from real-world phenomena, the most important task in WSNs is to gather the sensing data and transmit the data to the data sink [1] . Since sensors are typically battery powered and the energy expenditure is primarily due to radio transmissions, the design of efficient data gathering schemes has been the focus of recent studies in this area. In recent years, the method of using mobile robots as mobile nodes to help WSNs gather data has gradually been proposed. The mobile robots gather the data which sensor nodes sense by the means of directly visiting entire or partial sensor nodes, which can effectively reduce the energy consumption of WSNs and improve the lifetime of WSNs [2] . However, the data gathering time of mobile robot is longer than that of multi-hop relay routing of WSNs, so it is necessary to 4996 Science 10:15 (2013) [4995] [4996] [4997] [4998] [4999] [5000] [5001] [5002] [5003] [5004] effectively integrate the multi-hop relay routing of WSNs with the method of data gathering to shorten the data gathering time of mobile robots.
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There has been some works on optimization based mobile data gathering algorithms. Batalin et al. [3, 4] assembled a NIMs system, in which the mobile robot only moves along fixed cable between trees. Jea et al. [5] proposed the data gathering method that mobile robot move along the fixed straight line track. The common feature of those methods is the maintenance of the system has a high stability and reliability. However, those methods lack flexibility and can't adapt to the sensor distribution and environmental dynamics. Ryo and Rajesh [6] proposed a Data Mule Scheduling (DMS) framework for optimally controlling a data mule and have extended it to enable flexible energy-latency trade-off, and they also presented a framework to capture and analyze communication strategies that use combinations of data mule and multi-hop forwarding. Siddhartha et al. [7] proposed a Tier Based Energy Efficient Protocol (TBEE) which can efficiently reduce the energy consumption by means of dynamically alternating the location of sink and sources node. Vijaya Kumar et al. [8] proposed a simple mobile model which integrated WSNs with mobile robot to scan the target area efficiently in short time. Zhao and Yang [9] proposed a Shortest Path Tree based Data Collection Algorithm (SPT-DCA), which reduces the energy consumption and prolongs the lifetime by limiting the relay hop of WSNs. The common feature of these methods is to balance data relay hop of WSNs and the data gathering time of the mobile robot. However, in the above research results, though the path of data gathering can be optimized, those methods only consider using single mobile robot to gather from WSNs by means of the centralized algorithm. Hence, the time delay of data gathering is still large. Specially, when the sensing region is large or practical application has a higher real-time requirement for network traffic, those methods aren't suitable to data gathering.
To solve tradeoff problem between the lifetime and data gathering time of WSNs, the Bounded Relay Hop in the Cluster based Multi-robot Data Gathering (BRHC-MRDG) is proposed, and is formulated as an integer linear programming. BRHC-MRDG distributively gathers the data that sensors sense for the clustering WSNs with multiple robots. Since the problem of BRHC-MRDG is NP-hard, a Distributed Double-layer Clustering Data Gathering Algorithm (DDC-DGA) is given. Compared to the known methods, DDC-DGA can efficiently shorten the time delay of data gathering under the same conditions of the network energy consumption. In this paper, through comparing to the SPT-DCA which is the best algorithm making a balance between the lifetime and data gathering time of WSNs, the comparison experiments are designed to show that the DDC-DGA has a high performance.
BRHC-MRDG Problem

Network Model
Assuming there are N sensor nodes which are evenly distributed over a square sensing region A whose area is M × M square meters, and there is a Base Station (BS) located in the center of 
Network Topology
Since the mobile robots can freely move to any place in the sensing region, it provides us with an opportunity to allocate a task and plan an optimal path for it. Firstly, the WSNs is divided into k clusters and each cluster is supervised by a mobile robot which is responsible for gathering the sensing data from sensors in its corresponding cluster. Secondly, each cluster is divided into several Sub-cluster Routing Tree (SCRT) whose max depth is d. Thirdly, the location of each SCRT's root node are traversed by the mobile robot which is responsible for supervising this cluster. Finally, the data gathered by mobile robots are sent to BS by means of the multi-hop transmission between mobile robots. Hereto, a complete network topology is completed. 
Problem Definition Definition 1 Round is the processes of all sensors' sensing data are completely gathered and sent to BS once, whose time is without time limitation.
Definition 2 Clustering is the processes of dividing the sensor nodes which meet the rules in the WSNs into different group with certain rules.
Definition 3 Bounded Relay Hop in the Cluster Based Multi-robot Data Gathering (BRHC-MRDG) Problem. Given a network topology graph G = (S, L) of WSNs, find in each round: (1) The k clusters of network topology graph
is a line segment on the path, and
Formulation
Apparently, the BRHC-MRDG problem consists of three subproblems: (1) How to generate the same clustering counts in each round; (2) How to allocate mobile robots to each cluster generated in each round with minimizing the total moving path length; (3) How to divide each cluster into multiple SCRTs with max depth d while ensure that the total path length of data gathering is minimized. The BRHC-MRDG problem can be formulated as the following type.
Minimize:
Subject to:
In the above formulation, objective function (1) minimizes the sum of path length that each robot traverses each SCRT's root node in its corresponding cluster exactly once, which also hints the shortened time of data gathering. The constraints are explained as follows.
Constraints (2) gives the path length of robot data gathering in each cluster, where
represents if and only if the optimal data gathering path of mobile robot m j which is allocated to cluster
Constraints (3) for subproblem 1: In order to reduce the cost of network hardware and mobile robot task allocation complexity, the number of mobile robots gathering data from WSNs must be limited. In the traditional multi-robot task allocation methods, the complexity of one-to-one allocation method which represents a robot only complete a task and a task is only completed by a robot is relatively low. Hence, this paper considers using the one-to-one allocation method to simplify the complexity of BRHC-MRDG problem. However, in order to apply one-to-one allocation method to data gathering of WSNs, the number of cluster in each round must be fixed, which directly lead to the number of mobile robots are fixed. On the other hand, the number of cluster making the energy consumption max must be considered. In this paper, we utilize Energy Aware Uniform Cluster-head Distribution (EAUCD) algorithm which is proposed by literature [10] to produce the same number of cluster in each round, while we use the constraints (3) proposed by literature [11] to estimate the optimal clustering number k. In constraints (3), the ε f s and ε mp are the amplification factor of the communication module.
Constraints (4)-(6) for subproblem 2: The mobile robots need to be allocated to each cluster and moved to the location of root node in its corresponding cluster after the WSNs is divided into multiple clusters. The processes are formulated by constraints (4)- (6) Constraints (7)-(16) for subproblem 3: The data cached by root node in each cluster need to be gathered by its corresponding mobile robot after the WSNs is divided into multiple clusters. In order to balance the energy consumption and data gathering time, each cluster is divided into multiple SCRT whose max depth is d. The sensing radius of sensor r is a constant value which is determined by the type of sensor node and the number of cluster k can also be determined by the constraints (3). Besides the average distance d toCH from sensors in the cluster to root node in the cluster is acquired by the literature [11] . Hence, the max depth d of each SCRT is solved by the constraints (7). The SCRT whose max depth is d in each cluster can be acquired by constraints 
represents the sensor u i is located on the h − 1 layer of the SCRT rooted at sensor 
DDC-DGA for BRHC-MRDG Problem
Since the BRHC-MRDG problem can be formulated as an ILP, BRHC-MRDG problem is a NPhard. But solving the BRHC-MRDG problem of medium-size WSNs will still be feasible. In order to solve the BRHC-MRDG problem, a Distributed Double-layer Clustering Data Gathering Algorithm (DDC-DGA) is proposed. The DDC-DGA can be divided into two parts: the multirobot energy-efficient task allocation and the multi-robot d-hop data gathering.
The Multi-robot Energy-efficient Task Allocation
The k mobile robots need to be allocated to root node of each cluster after EAUCD algorithm divides WSNs into k clusters. But considering the energy efficiency of WSNs, the interconnection between sensors and mobile robots should be limited. Hence, the multi-robot energy-efficient task allocation not only consider the total path length of data gathering that k mobile robots move but also the energy consumption that is needed by communication between mobile robots and sensors.
Our specific processes of the multi-robot energy-efficient task allocation are as follows. A Shortest Path Tree (SPT) rooted at BS is generated by BS and root nodes of the entire clusters at first. When a mobile robot is idle, it sends the Task Requesting Message (TRM) to the root node of cluster closest to it. Then the root node relays the TRM to BS along SPT. The format of TRM consists of the mobile robot identification, root node identification closest to the mobile robot and the position of the mobile robot. Since multi-robot task allocation and cluster are non-overlapping two steps, BS starts to perform the classic greedy algorithm of multiple-robot task allocation, only if BS detects that the number of the TRM is equal to the number of mobile robots. After the classic greedy algorithm is performed, BS sends the Task Allocating Message (TAM) for the mobile robot to the root node of cluster closest to the mobile robot along SPT by the mobile robot identification and the root node identification closest to the mobile robot identification, and the root node of cluster directly sends the TAM to specified mobile robot. When the mobile robot receives the TAM, it immediately moves to the specified position of the root node in corresponding cluster. When the mobile robot arrives at the specified location and completes the process of gathering data from root nodes of the entire SCRT once, it sends the Task Completing Message (TCM) to the corresponding root node of cluster, and it is sent to BS along SPT by the corresponding root node of cluster. When BS detects that the number of the TCM is equal to the number of mobile robots, BS clears the current message queue and waits for the next round task allocation. 
R ← ∅;
2. while M ̸ = ∅ and C ̸ = ∅ do
3.
Selecting the minimum distance between m i and c j as optimal 2-tuple (m i , c j );
7. end
The d-hop Data Gathering for the Cluster
Since the communication among the k clusters is mutually independent, the d-hop data gathering in each cluster is similar. We use the k-th cluster as an example to illustrate the execution process of d-hop data gathering in cluster as follows: (1) Finding the shortest path tree
, where L T is the set of edges in the shortest path tree figure, we can see that as d becomes larger, the path length is evidently shortened and the average relay hop gradually increases in both algorithms. Fig. 1 (a) , when d increases to 4, since each sensor node in sensing region A may send their sensing data to BS within d-hop, SPT-DCA needn't mobile robot to gather sensing data. However, as d becomes larger, the path length is still exist in DDC-DGA, whose reason is that DDC-DGA need mobile robot to gather sensing data from the root node of each SCRT. In Fig. 1 (b) , DDC-DGA results in a smaller average relay hop as compared to SPT-DCA since DDC-DGA reduces the number of edges among sensor nodes by means of dividing WSNs into multiple clusters. Until N is large enough, the path length of SPT-DCA will become stable. The sensor nodes will belong to the same cluster with higher probability as the sensor nodes become very dense. In contrast, the path length of DDC-DGA presents gradient growth since the growth rate of sensor nodes in each cluster is not faster than SPT-DCA. For example, there is no change in the number of SCRT when N increases from 100 to 250, so the path length keeps invariant. When N increases to 275, the path length largen since extra SCRT is generated. When N becomes sufficiently large, the distance of among sensor nodes is very close, as a result, the number of SCRT is changeless. Hence, the path length tends to a stable value. In Fig. 2 (b) , the average relay hop of DDC-DGA and SPT-DCA slightly increases as N becomes large. However, through using several mobile robot to collect data in sensing region A, the number of edges among sensor nodes will be small for the DDC-DGA, so the average relay hop of DDC-DGA is smaller than SPT-DCA.
Conclusions
Through analyzing the contradiction between the energy consumption of WSNs and the length of data gathering path in this paper, a Bounded Relay Hop in the Cluster based Multi-robot Data Gathering (BRHC-MRDG) problem is proposed, and a Distributed Double-layer Clustering Data Gathering Algorithm (DDC-DGA) is given for solving the BRHC-MRDG problem. The DDC-DGA utilizes multiple mobile robots to concurrently gather the data which are sensed by sensors in each cluster, which can minimize the length of data gathering path as much as possible under the energy consumption of WSNs remains basically unchanged. Through a simulation comparison between DDC-DGA and SPT-DCA, simulation results demonstrate that length of data gathering path of DDC-DGA is reduced by at least 30%.
